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1. INTRODUCTION

The overall purpose of this program is to ascertain the nature
of the defects responsible for the degradation in output of silicon
devices (solar cells) irradiated by space radiation. When the nature
of the defects and their annealing mechanisms are known, it will be
possible (1) to determine the parameters that will lead to develop-
ment of radiation-hardened devices, (2) to predict the effects of
radiation and annealing on solar cells, and (3) to make use of compu-
ter programs to predict radiation effects in solar cells on extended

space flights.

The present effort is concentrated on the study of the effects
of lithium on the production and annealing of damage in silicon.
This work is being performed on lithium-diffused bulk silicon using
nmeasurements such as minority-carrier lifetime, electron-spin reso-
nance (ESR), electrical conductivity, and infrared absorption. The
temperature range from.??.So to L00°K is under investigation. The

damage is introduced by 30-MeV electrons and fission neutrons.

During the first quarter of this contract year, effort has been
concentrated on sample preparation, equipment modification, necessary

preirradiation measurements, and analytical studies of solar cells.
2. TECHNICAL DISCUSSION

2.1 RESISTIVITY AND MINORITY-CARRIER LIFETIME MEASUREMENTS

During this reporting period, an ingot of high-purity Czochralski-
grown quartz-crucible (QC) phosphorus-doped silicon was purchased from
Wacker Chemical Company. Preliminary measurements indicate the resis-
tivity of this ingot is approximately 90 ohm-cm and that its minority-

carrier lifetime at room temperature is 100 usec. The effect of heat
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treatment on the resistivity of this material was investigated be-

(1)

in donor density in quartz-crucible silicon heated to MBOOC in an

cause Fuller and Logan report obgserving a substantial increase
inert atmosphere. Since lithium is diffused into bulk silicon at
400° to 450°C, such a heat-treatment effect would complicate any
estimate of lithium densgity based on resistivity measurements after

diffusion.

Preliminary measurements on the effect of a h5OOC heat treat-
ment on slices of silicon taken from this ingot indicate the donor
density increase is -less than 103 (cm3-hr)_l. Fortunately, this
rate is much less than the donor density increase due to the lithium

diffusion and the redistribution cycle, and may prove to be negligible,

The possible effect of heat treatment on minority-carrier life-
time was also investigated. Adjacent slices of silicon were cut from
the ingot. One was diffused by the lithium-oll paint-on technique,
the other was subjected to an identical temperature cycling. After
heat treatment, the resgistivity of the diffused sample was 0,35 +0.05
ohm-cm compared to 65 +5 ohm~cm for the nondiffused slice. The mi-
nority-carrier lifetime at 3OOOK of the nondiffused slice was still
100 psec, while the lifetime of the diffused slice was 30 psec; indi-
cating temperature cycling during sample preparation has negligible

effect on the preirradiation lifetime.

Conventional four-lead minority-carrier lifetime samples have
been fabricated from lithium-diffused bulk QC silicon. Control sam-
ples of nondiffused silicon, subjected to identical heat treatments,
were also fabricated. The preirradiafion temperature dependence of
minority-carrier lifetime is being measured for both diffused and
control samples, to separate the recombination center due to lithium

diffusion from the recombination centers initially present.

An effort to develop a computer subroutine to reduce minority-
carrier lifetime and conductivity experimental data was initiated

during the first quarter, but has not been completed.



The study of the degradation and anneal of minority-carrier
lifetime of electron-irradiated lithium-diffused float-zone silicon
was cdntinued during this quarter. Two 30-MeV electron irradiations
were performed at Linac. This data will be presented as soon as it

is completely reduced.

2.2 ELECTRON-SPIN RESONANCE MEASUREMENTS

The electron-spin resonance of the phosphorus-vacancy (Si-G8)
center has continued. Our previous study indicated that lithium
diffusion reduced the initial number of paramagnetic phosphorus
donors and that the Si-G8 introduction rate was reduced in electron-

irradiated lithium-diffused phosphorus-doped silicon.

These results suggest two questions. Since it is.known that
when lithium is diffused into silicon containing oxygen, a lithium
oxygen (Ii0) complex is formed, does the reduction of the paramag-
netic phosphorus density imply the formation of a lithium phosphorus
(LiP) complex? Furthermore, since the introduction rate of phos-
phorus-vacancy (8i-G8) defects is reduced in lithium-diffused silicon,
where does the mobile radiation-induced vacancy go? That is, does the
free lithium compete with the phosphorus for the vacancies, and if a
lithium-phosphorus complex is formed, does it interact with radiation-

induced wvacancies?
In our previous investigation, samples had densities of approxi-
mately 1.1 x lOl6 em™> 16 em™3 lithium. Sam-

ples currently being investigated have approximately 1 x 1016 cme
16 3 ‘

lithium and 1 x 10 cm

phosphorus }atio, we hope to determine whether lithium-phosphorus

phosphorus and 3.6 x 10
“phosphorus. By varying the lithium-to-

complexes are formed during lithium diffusion. By measuring the
irradiation-produced defect center introduction rates for various
impurity concentrations, we hope to obtain information on the relative

capture cross sections of the impurities.



This investigation was resumed with a 77OK irradiation of care-
fully oriented lithium-diffused phosphorus-doped silicon samples to
30-MeV electron fluences of about 6 x 1016, 8 x 1016, and 1 x lO17
e/cm?. ESR measurements of these samples, and of diffused and non-
diffused control samples which have not been irradiated, are currently

in progress.

In our previous search for the Si-G8 center, an unidentified
center with 1.982 < g < 1.997 was observed. The impurity dependence
of the introduction rate of this center 1s also being investigated

in an effort to establish its identity.

2,3 OPTICAL ABSORPTION MEASUREMENTS

Both ESR and optical absorption techniques were used in our prev-
ious investigation of the divacancy in electron-irradiated lithium-
diffused float-zone silicon. No divacancies were observed in samples
irradiated at 77OK or 3000K with 30-MeV electrons. From ESR measure-
ments, it was concluded that either (1) the introduction rate of di-
vacancies was greatly reduced by the presence of lithium or (2) the
divacancy introduction cannot be determined because the divacancy was
in a nonparamagnetic charge state. Optical absorption measurements,
which do not depend on the divacancy's charge state, were made on the
most heavily irradiated ESR samples, and no divacancies were detected.
However, this sample had been warmed to room temperature during the
ESR investigation, so that it was possible that annealing by 1lithium
motion had occurred. During thls quarter, samples of diffused and
nondiffused high-purity float-zone silicon have been prepared specif-
ically for optical measurements. These samples were all made from
10" ohm-cm phosphorus-doped float-zone silicon. They are all approxi-
mately 2mm x Smm x 10mm, with the 5mm x 10mm faces polished to a mirror-
like finish with one micron diamond paste. The lithium-diffused samples
were diffused by the paint-on technique to an estimated lithium density

of 5 x 1016 cm_3 (p = 0.15 ohm-cm) before polishing. These samples were



irradiated with the ESR samples to a fluence of about lO17 e/cm?

(30 MeV) at 77°K, and are being maintained at 77°K until they can

be irradiated to a total fluence of about 3 x lO17 e/cm?. From this
study, we expect to determine the actual divacancy introduction at
77OK. Since these samples will not have been warmed above 770K, an-

nealing experiments are also possible.

3. USE OF COMPUTER PN CODE FOR PREDICTING PERFORMANCE OF SOLAR CELLS

Although the work under this contract is being done on bulk sili-
con diffused with lithium, the desired ultimate goal is an operating
device-namely, a solar cell—that is resistant to radiation damage.
Therefore, in addition to measuring changes in the electronic proper-
ties of bulk materials due to damaging radiation and annealing, it is
important to be able to predict the effect of such changes on the de-
vice performance. The conventional analyses of solar cell performance
have usually taken two approaches. In the first, the short-circuit
current of the solar cell is calculated based on diffusion theory,
assuming uniform carrier lifetimes (or diffusion lengths) on the two
sides of an estimated depletion region. The second approach consists
of fitting experimental data to the solar cell equation to empiri-

cally determine the four unknown parameters in the equation.

While both of these methods can yield useful results for many
purposes, they both have shortcomings for application to radiation
damage studies. Although the first method attempts to relate per-
formance to the bulk material properties of the device (for example,
lifetimes, diffusion constants, generétion rate of excess electron-
hole pairs, etc.), it is usually necessary to assume that the param-
eters are constant on either side of the junction. Thus, it is dif-
ficult or impossible to correctly simulate the effects of non-uniform
damage and the attenuation of the light intensity with depth into the
device. Also, it 1s usually necessary to make other simplifying as-

sumptions, for example, quasi-charge neutrality in the bulk of the



device, zero-carrier densities at the edge of the depletion region,
and no recombination in the depletion region. Moreover, this method
is strictly applicable only to short-circuit conditions, and attempts
to predict performance as a function of load would require additional
assumptions. On the other hand, the solar cell equation predicts the
device performance versus load, but it is difficult to relate the
empirically-determined parameters of the equation to the properties
of the material, especiaily if the radiation damage is not uniformly
distributed throughout the device. Thus, one needs a new method, one
which predicts the output of a solar cell as a function of its ex-
terior load, the basic material properties, and the distribution of

damage.

Under government contracts, Gulf General Atomic Incorporated
(GGA) has developed a computer code called PN(E) which is ideally
suited for this problem. This code is currently operational and has
already been used to lnvestigate a number of problems involving tran-
sient ionization effects in electronic devices. With no modifications,
it can be used to predict the steady-state I-V characteristics of solar
cells with arbitrary doping profiles, spectral intensity of light, non-
uniform radiation damage, etc. It can include also the degradation of
carrier lifetimes with radiation fluence and the annealing of this
damage with time. However, for most solar cell applications, the
damage is introduced so slowly compared to the annealing rate that
steady-state damage constants can be used. An earlier version of the
code is described in detail in Ref. 2 but some additional features
that are useful for simulation of solar cells have been added during
the past year. The general features of the code that are of interest
for solar cell problems are described briefly in Section 3.1. The
planned program for demonstrating the usefulness of this code in pre-

dicting solar cell performance is outlined in Section 3.2.



3.1 DESCRIPTION OF PN CODE

The PN code is applicable to devices that can be approximated in
one dimension, either linear in rectangular geometries or radial in
cylindrically symmetric or spherically symmetric geometries. In the

following, the discussion will be confined to the linear geometry.

The basic equations that are solved by the computer for the in-
terior of the device are the one-dimensional continuity equations for

the two charge carriers, n and p,

S
an n
x - e R-%
D f&
a't=g_R—

and Poisson's equation for the electric field E,

Ly
%ﬁ— ——K:'g'-[p-l’l+AN] .

In these equations, n is the density of electrons in the conduction
band, p is the density of holes in the valence band, AN is the net
density of doping of the semiconductor (positive for donors, negative
for acceptors), q is the magnitude of the electronic charge, and K is
the dielectric constant. The term g is the generation rate of electron-
hole pairs due to the incident radiation, and R is the rate of recombi-
nation of excess electrons and holes. Usually, the recombination rate

(3)

is simulated by a Shockley-Read type equation of the form

np - n
P 0O

Tn_ (p + pp) + T, (n+ng)

R =



where n, is the intrinsic carrier density, g and.pF are the values of
n and p when the Fermi level coincides with the energy level of the re-
combination centef, and Tn, and 790 are the low-injection-level recombi-
nation lifetime of electrons in heavily p-type material and of holes in
heavily n-type material, respectively. However, if desired, more com-
plicated types of recombination, including trapping, are available.

For radilation damage and annealing, Tho and Tpo change with fluence

and. time. The quantities Jn and ;p are the particle current densities

given by
- o o
Jn = ngp E - D = = nv, - Dn =
dp p
J = E~-D =< = nv -D .
P Phy, o p~ p X

The E (or velocity v) terms are the drift currents with mobilities By
and Hp, and the a/ax terms are the diffusion currents with diffusion
coefficients Dn and Dp. Temperature enters the problem by Einstein's
relation between the p's and the D's and in the values of nos Ko ”p’
Tno’ Tpo’ nF, and‘pF. In these equations, n, p, g, Tho’ Tpo’ and E
can be functions of time and position while AN, My and. up are con-

stant in time but are functions of position.

The device is connected to an exterior circult that can include
various arrangements of batteries, resistances, capacitances, and in-
ductances. However, for solar cell applications the exterior circuit
will normally consist of a single exterior resistance connecting the
two ends of the device. The code calculates the current in the ex~
terior circuit by summing voltages around the loop, including internal
electric fields inside the device and contact potentials at the two
contacts, and dividing by the exterior resistance. The boundary con-
ditions require that the exterior current equals the internal current

inside each end of the device.



Several types of boundary conditions at the contacts are avail-
able. One, called "bulk" conditions, forces the slope of the carrier
densities To be zero at the boundaries. This condition 1s suitable
if the detalls of the boundaries are not important and carrier den-
gsities can be assumed to have their bulk values, that is, their val-
ues, far from any discontinuity in the device. However, if differ-
ences in the work functions of the semiconductor and contacrs are im-
portant, the "bulk" contact potentials, which are automatically in-
cluded in the code as a function of doping to give the proper sum-
mation of voltages around the clrcult, can be modified to account for
the difference in work functions. Finally, if ohmic contacts are de-
sired, a thin region of high recombination rate can be simulated at

each contact.

To solve the time-dependent partial differential equations, they
are converted into finite difference forms, and the resulting algebraic
equations are solved by iteration for finite-time step intervals. The
details of the differencing and iteration procedures are described
fully in Ref. 2 and will not be repeated.hefe. Suffice to say, the
transient and steady-state solutions obtained from the code give ex-
cellent checks with problems that can be solved analytically. The
mesh distribution for the finite differences is arbitrary, but the
permissible total is limited to 300 stations by the capacity of the
Univac 1108 computer. This number is quite adequate for simulating
a solar cell. The mesh spacing can be made small where the variables
are changing rapidly with position, such as near Junctions, and they
can be spaced further apart where the variables are changing more
slowly. The code has an automatic remesh feature in case the den-
sities change more rapidly than a specified ratio between adjacent

mesh stations.

To start a new problem, the code starts from an arbitrary but
mathematically consistant set of distributions of densities and elec-
tric fields. This initial distribution is usually physically un-

realistic, but the code then proceeds in time to the correct physical



situation depending on the input parameters. If one then désires to
make a small change to the system, such as changing the exterior re-
sistance, it is usually permissible to start from the end of the prev-
ious run and make the change, rather than starting over from the arbi-

trary initial distribution.

The advantages of this code over most other methods of analyéis
are (1) it is not necessary to make arbitrary assumptions about the
boundary conditions at the edge of the depletion region or about
quasi-charge neutrality in various regions of the sample, (2) recombi-
nation inside the depletion region can be considered, and (3) the
doping profile and the distributions of recombination centers and
carrier generation rate inside the sample can be simulated to any
reasonable degree of complexity. Thus, the user has the assurance
that what he obtains from the computer is not a byproduct of some
dubious assumption that he may have had to make in order to obtain
a solution but is the rigorously correct solution for the equations
of the system, within the accuracy of the finite difference approxi-

mations.

3.2 PROPOSED PROGRAM FOR PREDICTING SOLAR CELL PERFORMANCE

The purpose of this program is to demonstrate that the PN code
can generate realistic performance curves for solar cells and can
reasonably predict the effect of various parametric changes which are
hard to analyze by other methods. Consequently, this work will not
be directed toward any specific device, but whatever experimental

data that are available and pertinent will be used for comparison.

At the start, the code will be applied to typical, undamaged
solar cells, and the predicted I-V curves will be compared to ex-
perimental data, such as in Ref. 4. The effect of the type of inci-
dent light (different attenuation of electron-hole generation rate
with depth) can be studied as well as the effect of light intensity

and changes in the device parameters, such as doping profiles, carrier

10



lifetimes, etc. Once a reasonable representation of the undamaged
solar cell has been obtained, non-uniform damage due to low-energy
protons will be simulated. The depth and distribution of the damage
will be estimated from Ref. 5 and the changes in the predicted I-V
curves will be compared to the available experimental results, such

(4)

as Lodi.

Some initial results from the computer are plotted in Fig. la,
along with two typical experimental curves (Fig. 1b) from Refs. L
and 6. For convenience of comparison, all curves have been normal-
ized to the short-circuit currents and open-circuit voltages. The
two theoretical curves are based on an assumed, realistic doping
profile and lifetime characteristics. One curve (labeled Run 104)
is for a uniform generation rate throughout the sample of lO21
cm_s/sec corresponding to sunlight at the surface of the cell with
an arbitrary reflection and coverslip loss of 0.08. The other has this
same generation rate at the illuminated surface, but it is attenuated
with depth. The attenuation is calculated from the absorption coef-

(7)

curves are for devices whose basic parameters are not definitely

ficient for silicon quoted by Kleinman. The two experimental
known, so they should not be compared in detail with the theoretical
curves. They are presented only to illustrate the general similarity
of results. However, the nominal characteristics of the TT cell were
estimated (Table 1), and these were used in the calculations. In the
future, an attempt will be made to obtain better estimates of the
parameters for the experimental cells so that comparison of theo-
retical and experimental results will bé more meaningful. Table 2
lists the open-circuit voltages and short-circuit currents for the
curves in Fig. 1b. The values for run 300 are about one-half of the
TT cell measured résults. This may indicate that the doping level
and lifetime in the N region‘should.hawe been about twice the values

given in Table 1.
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Table 1
PARAMETERS USED IN MODEL OF N ON P SOLAR CELL

qufgg Lifetime (msec) Mobilities (cm?/nsec)
(em ) electrons holes electrons holes
N Region 3.0 x 10%7 0.01 1.0 670.0 220.0
P Region 1.5 x 102 5.0 0.1 1230.0 430.0

Cross section area: 1 cm?, depth of junction: lO'LL cm, total length:
3.8 x 10-2 cm,

Table 2
VALUES OF CURRENT AND VOLTAGES FOR THE VARIOUS CURVES

TI 1LODI Run 300 Run 104
Open~circult
voltage 0.55 0.52 0.241 0.302
Short-circult
current _2* 2 +
(amps) 2.9 x 10 3.4 x 10 L. 2

*
Normalized to an area of 1 cm?.

“Frhis run, in which the light intensity was uniform, had a
generation rate in the bulk region some 2 or 3 orders of
magnitude larger than the generation rate for Run 104,

13



4., PIANS FOR THE NEXT REPORTING PERIOD

In the next reporting period, we expect to complete the irradi-
ation of samples to be used in the optical absorption measurements.
These samples and ESR samples will be irradiated simultaneously at
liquid nitrogen temperatures with 30-MeV electrons and maintained at
77°K, in an effort to prevent defect amealing as a result of lithium

diffusion, until examined.

ESR, optical absorption, and minority-carrier lifetime studies
of electron-irradiated lithium-diffused silicon will be continued

during the next reporting period.

The computer determination of solar cell output will continue.
’ 5. NEW TECHNOLOGY

” No new technology is currently being developed or employed in

this program.
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